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This paper describes a series of experiments made on the re- 
rance of metal tubes to collapse when subjected to external 
lraulic pressure. The principal use of the results of such ex- 
iments is probably their application to the design and inspec- 
.of the fire flues of steam boilers, but the results are also of 
at interest and importance in the theory of elasticity and the 
pnegth of materials. Engineers have used various empirical 
es and formulze for the collapse of tubes, but these formulee 
Fe been derived from a few unsatisfactory experiments and have 
in recent years been generally distrusted. This distrust has 
been lessened by the mathematical discussions of the last few 
rs, in which students of elasticity have attempted to derive a 
nal formula for tube collapses. These proposed rational 
ulee differ, as we shall see, from the empirical rules in use 
ngineers. 

'The present work was first planned by L. P. Breckenridge 
A. P. Carman in the spring of 1904, but University duties pre- 
ted its prosecution at that time. In the winter of 1904 to 1905, a 
s of experiments on the collapse of small seamless brass tubes 
carried out by A. P. Carman. These experiments were de- 
andthe results discussed ina paper read before the Amer- 
Physical Society at Chicago, April 28, 1905, and published 
rm the Physical Review.’ It was there shown that the form- 


+ Carman, Collapse of Tubes, Physical Review, Vol. XXI, pp. 381-387. 
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ules inf general use, all of which are based on that of Sir Willia 
Fairbairn, are inadequate; that there is a certain “critical minimm 
length” beyond which the resistance to collapse of a tube is ind 
pendent of the length; and that a formula of the rational type pr 
posed by Professor G. H. Bryan was probably nearly true for thes 
small brass tubes. 

The experiments discussed in this bulletin have been mat 
by the department of Physics of the Engineering Experimel 
Station of the University of Illinois. They. were begun in the fa 
of 1905, but owing to delays in getting apparatus and materia 
were not completed until May 1, 1906. M. L. Carr, B. S., has bee 
the assistant in carrying on this series of experiments. He hi 
made the observations, and to him are due several of the spe¢i 
devices used as well as much of the completeness and accuracy 
the calculations. Before describing our own experiments and di 
cussing the results, we shall give a brief account of previous € 
periments and of the empirical ‘and theoretical formulee whi 
have been proposed. 


HISTORICAL 


The first and until very recently the only systematic expel 
ments on the collapse of tubes were those of Sir William 
bairn made nearly fifty years ago’. Fairbairn’s work was done 
the suggestion and with the aid of the Royal Society and of @ 


less than 500 pounds. The tubes were “‘composed of a single th 
iron plate bent to the required form upon a mandril and ri 
and also brazed to prevent leakage into the interior’. The 
were closed by cast-iron disks or plugs, and the tube was p 


pressure. Fig. 1 is reproduced from Fairbairn’s original pap 
and shows his arrangement. The cast-iron cylinder was 8 & 


1 s q . + 
ene Fairbairn, On the Resistance of Tubes to Collapse, Philosophical Transacti 

of the Royal Society of London for 1858, pp. 389-413; also in Fairbairn’s Useful Informa ior 
Engineers, Second Series, London, 1867.; a 
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Fic. 1 SiR WM. FAIRBAIRN’S APPARATUS 
FOR TESTING TUBES, REPRODUCED 
FROM PHIL.! TRANS. FOR 1858 
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aported from both ends, as shown in the figure. The interior 
the tested tube was connected with the atmosphere at the upper 
1. The pressure was produced by a hydraulic pump and was 
Ld by steam gauges. A safety valve set at 500 pounds limited 
» pressure. The diameters of the tubes collapsed were 4, 6, fel. 
10 and 12 inches with the exception of one which was 182 
ies in diameter. The length of these tubes ranged from 19 to 
jinches, and nearly all had the same wall thickness of .043 of an 
‘bh. Inall, about twenty-five satisfactory collapses were made. 
rbairn sums up his results in this well-known formula: 


2,19 


P = 9,675,600—— 
ld 


“Which is”, he says, ‘the general formula for calculating the 
sneth of wrought-iron tubes subjected to the external pressure 
1in the limits indicated by the experiments; i. e., provided 
ir length is not less than 1.5 feet, and not greater than 10 
'”. In the above formula, P = pressure in pounds per square 
no; ¢ = thickness of wallin inches; 7 = length of tube in inches; 
_d = diameter in inches. Fairbairn adds as a foot-note the 
wing: ‘By taking 2 instead of 2.19 for the index of ¢, this 
mula becomes 
2 


P = 9,675,600—- 
ld 


nce the value of P may be calculated by ordinary arithmetic. 
“ thick tubes of considerable diameter and length, this formula 
y be regarded as sufficiently exact for practical purposes”. 
is last or approximate form is sometimes known as Fairbairn’s 
ond form. Fairbairn’s formula has been the text for practic- 
- all the discussions on the collapse of tubes for the last 
yyears. Aside from Fairbairn’s experiments, there have been 
systematic experiments described until within the last year. 
s noteworthy that a problem so widely discussed, the solution 
Which has not only great scientific interest but also valuable 
inical applications, should remain for so many years with so 
}© experimental work. The only reasons that can be assigned 
#4e considerable expense involved in the experiments and the 
_ ‘hat the appliances needed are not commonly available in 
ing laboratories. 
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TABLE I 
FAIRBAIRN’S DATA ON THE RESISTANCE OF TUBES TO COLLAPSE 


ee our |e S. 
2 » au|Geelteor . 
oe a8 Gir: a5 BF Remarks 
AS |SAIRSAEORE 
4 19 | .043} 170 |Tubes formed of plates of uniform thickness 
4 19 .043| 137 |Tubes formed of plates of uniform thickn 
4 40 043 65 |Tubes formed of plates of uniform thickness 
4 38 .043 65 |\Tubes formed of plates of uniform thicknes 
4 60 .043 43. |Tubes formed of plates of uniform thicknes 
4 60 .043] 140 |Made in 3 sections, 1 ft. 7 in. each. 
4 60 043 47 
4 30 .043) (195) |Ends of tube fractured, allowing water t 
enter and cause reacting pressure. 
4 30 043 93 
4 15 .043) 147 
6 30 043 48 |Cast-iron ends fractured, causing collaj 
before outer shell attained maximum fe 


sistance. 
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30 043 85 |Rod placed down axis to prevent end fr 
approaching. Tin ring Jeft in caused 
creased pressure. ; 


12 60 043 12.5 

12.2 | 58.5) .043 IL 

9 37 20 (450) |Uncollapsed. 
18.75} 61 20 420 

9 37 14 262 |Lap joint. 

9 37 14 378 |Butt joint. 


14x10.25) 60 043 6.5) Elliptical tubes. 
20.75x15.5 | 61 25 127.5|Elliptical tubes. 


The most remarkable feature of Fairbairn’s formula is t 
dependence of the collapsing pressure upon the length. This ¥ 
be discussed later. Immediately after the publication of Fait 
bairn’s paper, one writer after another began to discuss the dati 
for the purpose of deducing a more general and convenient em 
pirical formula. The following is a partial list of the best know 


of such formule. The dimensions are given in inches just as 
the form of Fairbairn’s formula: 
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(1) By F. Grashof: in Zeitschrift des Vereines deutscher 
enieure, p. 234, 1859. 
(a) For thick tubes: 


P = 1,033,620 


081 
7°: a 889 


(b) For thin tubes: 
P= 24,481,000—_ 


= 278 


(2) By G. H. Love: in Todhunter and Pearson’s H story 
Plasticity, Vol. 11, p. 667. Appeared in Civilingenieur, 1861. 


P 


1S 8h 150 -— a 41906 a 1323 


(83) By J. W. ee Quoted here from Van Nostrand’s 
igineering Magazine, Vol. xxiv, p. 218. Original reference, 
yeatise on Steam Engineering, by J. W. Nystrom, p. 106. 


— 692,800—4- af z 
(4) By W. C. Unwin: in Minutes of Proceedings of Institu- 
n of Civil Engineers, Session 1875-1876, Part Iv, p. 225. 


2.35 


t 
P = 15,547,000 Pigs 


~ flues with longitudinal and circumferential joints. 
(5) By F. Wehage: in Dingler’s Polytechnisches Journal, 
|. 236-248, 1881. 
|" 8 
p= 868,000 8¢ ete 
490,000 d ld 


xe coefficient 368,000 to be used for flues with lap joints riveted; 
3 490,000 to be used for flues with flap joints riveted on. 

(6) By Theodore Belpaire: Note sur la résistance des tubes 
essées de l’extérieur, par Theodore Belpaire in Annales du 


»nie civil, March, 1879. Quoted from Van Nostrand’s Maga- 


ne, Vol. XXIV, 1881. 
t 
P = 3,427,15 52( 4 56,892,400 
L 


ee 
| 


All of the above formule have the same fundamental form as 
iitbairn’s. Indeed, we might expect this, for they are simply 
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empirical expressions made to fit Fairbairn’s observations. Most 
writers had seen that there must be a limit to the length of tubes 
for which these formule should be applied, but no results of ex- 
periments had been published previous to 1905 regarding this. — ) 

The previous experiments by the writer were made to test 
this principal characteristic of the Fairbairn formula, viz., tha 
the collapsing pressure varies inversely as the length. 'Twenty- 
five small seamless brass tubes were collapsed by hydraulic pres- 
sure. The diameter, thickness of wall, length and collapsing 
pressure are shown in the following table: - 


TABLE II 


TABLE OF COLLAPSING PRESSURES OF SMALL SEAMLESS BRASS TuBeEs! 


ae } Collapsing 
Mean Thiekness 5 
Diameter,| of Wall, Tene ttc ag 
inches inches Cn. a 
.3B50 .0163 POLS 4125 
.350 .0163 .472 3415 

. 300 0163 7109 3200 
350 *0163 1.063 2248 
.350 .0163 1.570 1778 
.350 .0163 3.150 1850 
350 0163 3.540 1850 
.3d00 .0163 1.570 9525 
441 .0315 2.280 6975 
44] .0315 Dts 6690 
441 .0315 3.345° 6690 
441 .0315 3.820 6400 
441 .0315 7.480 6690 
Atel 0315 220) 77150 
aya ROSS Neos 6620 
BAL 0315 2.280 6260 
Sipe .0315 3.030 5120 
All .0315 8.200 4980 
aPAl .0315 3.420 11940 

. 701 0531 3.500 12200 
-701 0531 5.120 12090 

101 0531 | 5.120 12020 > 

TOL BO 5.190 11940 
TOL 0531 5.270 12090 

. TOL 0531 8.270 12090 

PY 


The curve, Fig. 2, shows the relation between length and 
collapsing pressure for tubes 0.35 of an inch in diameter. The 
curves for the other diameters are of the same shape. The follo 
ing conclusions were drawn. ‘‘An inspection of these data an 
curves shows immediately that there is a minimum length ie 


1 
Data taken by Professor A. P. Carman, from Physical Review, Vol. XXI, No. 6, Dec., 1905 
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Fig. 2 Curve SHOWING RELATION OF COLLAPSING PRESSURE 
To LENGTH IN SMALL SEAMLESS BRASS TUBES 
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ach tube beyond which the collapsing pressure is constant; and 
orther, that this minimum length is quite definite. Again, we 
ee that for lengths less than this critical minimum length, the 
ollapsing pressures rise rapidly. As definitely as can be deter- 
nined from these small tubes, the collapsing pressure varies in- 
ersely as the length, for lengths less than the critical length. 
n this they follow Fairbairn’s formula, and suggest that Fair- 
‘airn’s tubes were all shorter than their critical lengths. An in- 
pection of the woodcuts which Fairbairn gives for each of his 
xperiments, and a comparison of these with the shapes of the 
Tass tubes which have been collapsed in our experiments con. 
rim this. Figs. 8 and 4 show shapes and sections of the collapsed 
labes of the curve, Fig. 2. Fairbairn found exactly these shapes 
‘hich we have obtained for lengths less than the critical 
sngth”.! 

These previous experiments had thus shown the inadequacy 
f Fairbairn’s formula, and they had particularly shown the very 
arrow range of the law of inverse lengths. When the present 
eries of experiments on standard steel boiler flues was begun, 
tle attention was therefore paid to the law of lengths, except to 
ee that the tubes were longer than the critical minimum length. 


METHODS AND DATA OF EXPERIMENTS 


The method followed in the present tests was similar to that 
sed by Fairbairn. The tube to be tested was closed at both ends, 
Jaced inside a stout steel cylinder, and there subjected to increas- 
g external water pressure until the tube collapsed. The pres- 
ures were read by hydraulic gauges: The cylinder used in all 
4ese experiments was a section of a nickel steel naval gun tube, 
indly furnished at a nominal price by the Bethlehem Steel Com- 
any, Bethlehem, Pennsylvania. The dimensions of this gun 
abe were: length, 12 feet; external diameter, 7 inches; internal 
ameter, 5 inches. For a distance of six inches at one end, the 
xternal diameter was left at 9 inches, thus making a shoulder 
@Zainst which the end plug could be clamped. This plug was a 
eel disk with a projection, and was held in place by heavy cast- 
1m rings and eight 14-inch steel bolts. A lead gasket with circu- 
'Y grooves in the end face of the tube prevented leakage even at 
»e highest pressures. The other end of the nickel steel cylinder 
“as closed by a cast-iron plug, six inches long, shrunk into place. 


A. P. Carman. Am. Physical Society, April, 1905. 
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A 8-inch hole for stay rods was drilled through the center 
each end plug. Leakage about the rods was prevented by pac - 
me held in place by bushing nuts. These stay rods were made 
8 inch steel shafting, and were screwed, one into each end plug 
a the tube to be tested. The tube could thus be put under ten- 
sion so as to take up the end pressures. One of these stay rods 
had a small hole through it connecting the interior of the tube 
with the atmosphere. By rubber tubing, the interior could be con: 
nected with a U manometer. This manometer was very useful in 
indicating any leakage. 
In the first experiments, the tube to be tested was closed 
steel plugs, fitted and soldered in the ends. Experience soon 
showed that soldering the plugs was both a tedious and an uncer- 
tain method of closing the ends. Several other plans were tried be 
fore a satisfactory and convenient method was found. ‘The fina 
method is shown in Fig. 5. Tool-steel clamps were made in th 
shape of split rings, hinged on one side and held together on 
the other side by bolts. These ring clamps were placed on the 
tube near the end as a grip, and slipping was prevented by burr 
ing the tube with a cold chisel. A steel disk faced with a sheet 
of lead was then drawn tight against the plane ends of the 
tube by bolts screwing into the clamps. After the ends were 
clamped on the tube it could be tested for leakage by placing the 
whole tube in a trough of water, and pumping air into it with a 
foot bicycle pump through the bored stay rod. It was seldor 
that a tube tested in this way leaked when subjected even to high 
external water pressure. The connections with the gauges, the 
pump and the hydrant were made through small holes bored it 
the nickel steel cylinder. These holes were made tight by specia 
screw plugs and leather gaskets. The cylinder was mounted o1 
two heavy trestles and inclined so as to allow the easy escape ° 
the air when filling it with water. The pressures were produce 
by a Cailletet pump made by the Societé Genevoise, of Geneva 
Switzerland. The pump was capable of producing pressures o 
1000 kilograms per square centimeter, or approximately 14, 00! 
pounds per square inch. Copper pressure tubing was used 4 
connect the pump and the gauges with the cylinder. Fou 
gauges made by Sheeffer and Budenberg were used, viz.: 
No. 1, reading to 8000 pounds per square inch. 
No. 2, reading to 1000 kilograms per square centimeter. 
No. 8, reading to 3000 pounds per square inch. 
No. 4, reading to 800 kilograms per square centimeter. 


Nitto 


Fic. 3 APPEARANCE OF COLLAPSED SMALL SEAMLESS BRASS 
TUBES 


Referred to in Figs. 2 and 4 
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Fig. 4 SECTIONS OF COLLAPSED SMALL 
SEAMLESS BRASS TUBES 


Fic. 5 PARTS OF CLAMP FOR STOPPING END OF TUBE 


(on the right) 
CLAMP IN PLACE ON TUBE 
(on the left) 
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zauges Nos. 1 and 3 had maximum pointers, and all had check 
alves to protect the springs from the shock at collapse. The 
rawing of the cylinder, Fig. 6 and the photograph, Fig. 7, of the 
ssembled apparatus show other features not easily described. 
When a test was to be made, the prepared tube was placed 
the cylinder, the heavy head bolted on, and the cylinder 
Hed with water from the hydrant. All the openings were then 
osed, and the pressure pump started. Several minutes of 
mmping were usually required before the gauges began to 
cord. Except for a few thin tubes of large diameter, fail- 
re, which was sudden in all cases, was accompanied by a sound 
auch like that accompanying the failure of a specimen in a 
sting machine. Failure was also indicated by the dropping of 
e gauges and the rise of the water in the manometer con- 
ected with the inside of the tube. Each specimen was care- 
lly measured after collapse, and in the case of most of the tested 
ubes, the collapsed portion was sawed across and the actual ay- 
rage thickness of the tube was obtained. Nearly all of the tubes 
asted were ten feet long at the start. In many cases, three or 
nore collapses were made by cutting off the collapsed portion 
ffter each failure, and then testing the remainder of the tube. In 
ae tables of data, these are noted as sections of the flue, e. g., 
me No. 1 was divided into three sections, 1,2 and 38. The tubes 
ested were commercial steel boiler tubes, both lap-welded 
nd cold drawn seamless. We have to thank J. T. Ryerson and 
ion, Chicago, for the gift of four tubes, and the Scully Steel and 
con Company, Chicago, for the gift of twenty-five tubes for these 
asts. The other tubes used were bought in the open market. In 
«der to have data on entirely different material, tests were made 
n a set of brass tubes similar in size to the steel tubes. The ad- 
antage of the brass tube tests was that the dimensions and the 
aterial were much more uniform. 
CHEMICAL TESTS OF SAMPLES OF BOILER FLUES COLLAPSED 


CHEMICAL ANALYSIS 
Description of 
Sample of Flue Si Ss Pp Mn C 
pp-welded steel.............- Se aithera\s .021 1537 ae wo 
PRETO SLCC]... 2 cece owe rs| seer cnees .038 .099 saat .080 
waraless cold drawn steel.....]...-.++++ O01 ee eee My 
va aless cold drawn steel.... |....+-++: 002 Ol: cont 
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TABLE! LEE 
DaTA ON SEAMLESS COLD DRAWN FLUES 
= WD > x, es co) 
FLUE 3 |as <8 as og 2 
Fa og jaSeais2esj8e3| ¢ 
oo Bo aS a2 Sos 8 Stn Stee ee 
No. | Sec 8 2 SS gsagseecsnses| 2 
es Qa Iza Side SiS aS 21508) 0 
DED dl eines Ceaitt, (pala 1.55) ..095 | .097 4220 | 32 5 ft. 240m 
26 1 CG) Sig, af ee 1.5 | .095 | .098 4260 | 30 8 ft. 2 im 
26 2 6 ft..11 in. 1.5 O9OW ak ae 4260 | 38 5 ft. 6 im 
26 3 7 ait, fo) 1h a IES O95 wi Sees 3930 | 25 1ft. 6 ig 
Dale ee Ont mlis Wea SONS liso ac 5200 | 3 |At extreme 
end of flue 
stile race 8 it. 4 in. iss) |] KOS SOW 4330 | 32 4 ft. 
DOU le ae Suite tia ellison ee OOon ee O? 4240 | 29 ft 
AD Ghats: Sid, SF abn, a1) 095 095 3930 | 29 6 ft 
NEL Henan Ses On eon co leone malic mado .098 4200' | 30.4 |: wc. cls ee ee 
Deemer OC ft ie line 2 095 | .102 3050 | 27 eatite 
Ll Roan ang. 7 aay De Wictivareters .092 |° 2420 | 20 6 ft. 
Aa caeroleks Cy itis Wh anal, Via al ROTO . 103 3390 | 36 6 ft. 
Meat catmiliiaco acne caer aptamer 099 2950 || 28) "| snc ee 
ee ysis, shang, || aay |) sess 4] s0cy! 1280 | 27 & ft. 
Blea aac Oyaiss, 7 thal 220 083 084 1100 | 26 6 ft. 

IWKEGH ON) Shoe Actin, Lien oreiakees ore veer tonal aisetscets 084 1190 | 26.5 |... 2... 
39 |. eax Cpa, tuo, | A P s@@by |) ICR 1820) |) "35.0 clase eae 
AOS teres: Oeite a Owns Mat 095 098 ISOM 2 4 fb. 

Atle laters tere Outten. Paco 095 098 1890 | 22 9 ft. 

INTE Tal Srevevsrereilter cvexetac elevators a olene ailtetieseer veri oactelietsis 099 1810.) 28° |hecnn ee 
3 ee LOettae Omni: 2.9 109 114 1720 | 28 A ilGis 
3 2 6 ft. 10 in. DoD OOM eee 1920 | 27 atte 
3 3 Seatgs | 2b aha 2.0 THOOY lepsterees 2200 | 24 ie acn 
4 1 Namie, key 180%, 2.0 109 116 1980) | 25> “|. cis ence 
4 2 ates WO Thay, I Aas |) SOE) ocd coe 2470 | 27 2 ft 
4 Bidltnsverste recon tokcr ee re 250 LOOM R revere 2B10' | sce os sills ci scone 
Bulle adore 9 ft. 7 in 2.5 | .109 | .109 1580 | 25 1 ft 

IW ICYWeVicee oaeecl eacecn aeRO Raicucy (cre crsickal Rao ceork ins L960! QI Fie ee 
Ths 1 9 ft. O in. ey || AD 120 1830257) aoe 
if 2 Ab sie, Tal nme | Bass NAD loacoac 1850 | 26- |........ 5.0 
i 3 il 3a, Orta i) eS | AAD Neocon 2190 | 21 nals Ree 
7 al 7 ft. 9 in. id) || SAW) PAL 2320 | 28 5 ft. 
2 2 Sites Osos | Le) TAD eo cous 2650 | 23 1 ft. 

I enh alle eeeral Gee, cao Haeea otto mocmnimelis Gas & 120 2070 | 25 eso: 
Sor laneesiers Oefitae: Weim 3 095 094 1190 | 28 4 ft. 

BA Wtaretche seis C) aii, “Ce ah, 3 095 102 1160 | 33 8 ft. 
Stn roca Shain, ey hay |S 095 | .097 LASOMRS2, 8 ft. 

INIZEW Ol Gh ated eeia ototoe ccna eee it oonod 098 L1GO 310 eee ee 
Salers OF ites 2 abo, || BaGs || GOSS |) 0B 990 | 37 6 ft. 

SL aeretetetere OR tamer Bn) 095 096 900 | 55 tos 
oy al ee ee 9 ft. Tin. | 3.5] .095 | .093 970 | 42 6 ft. 
i) (Se W al leeceracs Bodin cn oer cade anon 094 950 | 45 tse one. e a 
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TABLE IV 
DATA ON LAP-WELDED STEEL BOILER FLUES 
= Nn b> Ww a RS b= 
= | 28 es seesegesteis) 25.2 
5 ao |Ras|Baslae. jess, $288 
H As |AZS Sh 5|SaS F408) Aoaba 
il 8 ft. 10 in. ae 109 114 2850 PAS AE IN, © rel 
2 ® ft. 10 in. Mid) NOM ree cscs 3040 Fl el Vee Ree a 
3 83 vag, (0) ahoy, Rey lee Ob kseorctorene 3400 29 Wate, BL vba, 
il Sates ks) TMG Ds 109 | .116 2810) |e |aepene tee ee 
2 Gist, Maka, DPSS || lO | eee 2930 27 AT ite laine 
3 By aig, | okay, Bod) Al aS) nets 3080 21 Outten. 
ait SEltac. Ll De) 109 | .120 2700 DU cllhseakatoteteat ceca ees 
2 Dit, 2h toe edie | MOBY lists ace 2850 Dail Ik agg, Al Shay, 
it ) dies 0) that, Ds Ne al KOS) |)" salale 2900 25 Atte .Onine 
2 Suits woh ial Bis | csANOSY ig eas oe 2950 2 itis > thie, 
3 7 sig, (oy tine Oat OO Minne. . 3 3170 24 I fits “6 ans 
it ) ities 0) aay, Pais || a OS PAN) 3160 PAUBIRG aooherts ac. occ 
2, itt, MO iim, Pine AC Shalala aaeace 3450 OH Beli, diay, 
il 8) iit, “ium, 3 -109 | .105 2080 30 it ge, 8) aya 
2 ANS fits liletiioe 3 LOO Wes 2150 29 Batt, yaloe 
3 Bic, NO 200% S LOO acres 2350 29 0 ft. 8 in, 
il @) ids @) aha, 3 SOOM el 2190 23 Seiten Ome 
2 Getta On ine | eo Pl OO's | neecatiene 2430 30 aides, Ff yak 
3 Sythe) ey LUANG 3} ANSI I! ecgarse 2620 26 itt. © ia. 
4 ie sae, Sahay 3 SOO Rectan 3150 20 (aids a0) iba 
1 Otte OMe 3 .109 | 1105 1910 4 |At extreme 
end of flue. 
2, Seem omlnl 3 wALOOE Wee hctetene 2020 Dat (ake, Cor. 
3 Fitts Al tar 3 NOD. lo een 1980 30 eft ania 
4 lac, Gratin. 3 BOOM eave cane 1920 26 Ltt onine 
1 CN aie, 9) aba, 3 .109 | .106 2140 32 6 ft. 8 in. 
2 He iey IL Tay 3 LOO ome eens 2220 33 Aas, IG) shay 
1 9 ft. O in. 3 .109 | .113 2080 32 Abesig., 83 100. 
y 2 At, AML ahs 3 OO ee, 2000 Hail ye cee Oo 
3 MALE,  OPANeR 3 OOH e sectors 2230 28 Meith, 24 1h 
il Sie, 4d) NAY, Bes || AO ie! 1940 31 I ft. eine 
2 Gilh, i ain, Seay | IEW nea gen 2310 30 ito eins 
3 Ae ee AL yds SS eats TO ences ares 2470 30 eater AML Wale 
4 ibadiee Co auay Rode | LY lhesooos 2800 16 0 ft. 8 in. 
1 Ortts=.6 in: Ba |- AlAXO| 1AY 2180 31 if ae, Ab shay, 
2 (ate, 9) shits Soe || ade e live aolao 2500 30 Sao, fh Jal, 
8 auastu, al si Bie clAO tam uoes 2790 27 2 tte Wisin. 
1 Ott: “8 in: Bethy || A 1PX0) |] il 248) 2150 LAW Boceijc too acho: 
ve GVAtes tonaloly SPT al OO ue esse 2240 36 (eitaseowlne 
3 Sate, eS ahae BY) || GID ooo 2660 36 QeftanOe ine 
1 9 ft. 4 in: By) || gllAXO) || 514s) eo 30) ee eaten ere 
er Giatitemeee alm Gets ll aN he elt — dkewl Dinan KGlloom ote asco. 2 eee 
1 O ft. 4 in. See 20a ee lai 2200 SY) 1 ft. 4 in. 
74 6 ft. 8 in. Seal malicO steers: 2290 42 4 ft. 4 in. 
3 2 ft. 6 in. Boat || AAD) Thee stoic 2440 30 1 ft. 2 in. 
1 Seine, <i ee oO, .095 | .095 3100 33 7 ft. 2 in. 
2 Yetta. Lil. 2 RO ODilveress 3410 29 3 ft. 2 in. 
3 De iitt, B) Wile 2 SOOT Marevehetens 3640 27 1 it. Tin 
Be 8 ft. 4 in. 2, .095 | .098 2650 32 6 ft. 7 in. 
1 8 ft.) 2.10. ye 095 | .106 3180 30 6 ft. 6 in. 
2 5 ft. 8 in. 24 OG Delete eects « 3500 BYs Ae witop, 1h shay 
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TABLE IV—Concluded 


A a 5G NSD eect oe 6 
| BEB Vero etl ony © 
ee Aca a Ga liane ee a4» SB 
es 2G (SX ola o/2nHO 14 Zo a8 
a fsiple g-=-4 Bes|\SoF macs $a 
Wo|se.| § £8 BASS22 Res 8/832] 2S 
22 3 Daite, ey aay || 2 JOOS! ta extrerece 3700 26 Iti: 
23 i 8 ft. 4 in. 2; 095 102 3260 28. hc. 
23 2 Ginits) Onin: 2 JOOS ma letarcerees 3960 37 1 Siva 
23 3 Bade, (0) alae 2 SO QDs ilairsne ces 4030 27 2, ft: 
DAR hears: Mts syalin, | » .095 | .109 3470 Bil 4 ft. 
TABLE V 
DATA ON BRASS TUBES 
- on us a Cy 
TUBE Bes THICKNESS La oom 
it Po no aan 
2 = S aR S > Sie 
a Be aecg | Som 
ey Ton 2a ) f 
No. | Sec 3 5 Gauge | Inches SHA SoH 
1 1 Sits. toy, 3 14 .083 450 
il 2 She, I shale 3 14 .083 490 
i 3 i Sfto Seen: 3 14 .083 555 
2 all Ay vil, JUL) auay, 3 14 .083 465 
2 2 Oy ites, Gah, 3 14 083 725 
3 1 Gite, 7 hay, 3 19 .042 15 
4 il iti fo aa 2 14 .083 1400 
4 2 ato il Shay, 2 14 .083 1440 
4 3 Ye Soe 1 ay 2 14 .083 1440 
5 il ait, Sy al, 2 14 .083 1400 
Gamilepoa: Quit, Gy sii. Dia) 10 134 2530 
Tan oeescooe, Gite O} Osta. 2 12 . 109 2440 
Silla 6 ft. 6.5in. 2, 10 .134 3840 
9 1 Gite, Gy Haboy B 19 042 Dio 
9 2 Spat, 22 aha, a 19 .042 32) 
OIG ie Ye ces ott, (6201n, Das 14 .083 710 
AG Pe arenes 3 AS ftom wie eli 1.5 14 .083 2600 


OTHER TESTS AND DATA 


The present paper was practically completed when a pa e 
appeared by Professor R. T. Stewart, entitled, ‘‘Collapsing Pr 
sures of Bessemer Steel Lap-welded Tubes, Three to Ten Inches 
in Diameter”. This paper was read by Professor Stewart bef 
the American Society of Mechanical Engineers at the Chattanoog 
‘meeting, May 1 to 4, 1906, and at the present writing is availabl 
only in the advance papers of the meeting. It describes a v " 
complete and valuable investigation made at the McKeespor 
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orks of the National Tube Company on the lap-welded steel 
bes of that company, ‘‘the Tube Company generously providing 
ery needful facility for carrying on the research in a most thor- 
gh manner”. Tests on over five hundred tubes are recorded, so 
at every advantage of averages is gained. Professor Stewart’s 
ists are certain to play an important part in future discussions 
tube collapse on account of the completeness and carefulness of 
e work. The great number of different facts noted will be in- 
Jmable to students, although possibly at first confusing to some 
aders. The method of experimenting is substantially the same 
‘ described in this paper, and also the same as was used by Fair- 
iim. The ends of the tested tubes were not stayed, and much 


TABLE VJ 
DATA ON LAP-WELDED BESSEMER STEEL TUBES—STEWART! 


——— 
| 


| 


ge | se neg 3 
as) 8 t ive (tere ee se 23 
Bs | 8s ve a daatnes Se so 
= oo co te 
m4 _ e) —- § jae al opel a jo) 
194 10.026 .0193 .000372 00000718 383 Table No. 37 
B54 8.673 0408 .001670 | .00006800 2028 Table No. 37 
) 279 6.987 .0400 .001600 | .00006400 2147 Table No. 36 
» 250 6.677 .0374 .001400 | .00005240 1879 Table No. 36 
186 6.024 0309 .000950 | .00002940 1251 Table No. 35 
167 6.028 0277 .000768 | .00002120 928 Table No. 35 
§.327 4.014 .0815 006640 00054000 5560 Table No. 34 
212 4.026 0527 .002780 | .00014600 3170 Table No. 34 
175 4.014 0436 .001900 | .00008300 2280 Table No. 34 
112 2.997 0374 .001400 | .00005240 1860 Table No. 34 
165 10.041 0164 000269 00000440 225 Table No. 30 


nger specimens were used, particularly in the first experiments. 
ost of the experiments were on tubes of larger diameter than 
rs, Stewart’s smaller tubes being indeed the sameas our larger 
bes. Stewart’s experiments are confined to lap-welded tubes, 
nile the tests described in the present paper include also cold 
Jawn seamless steel and brass tubes. The experiments thus 
\pplement each other. Professor Stewart sums up the results 
| kis work as follows: ‘‘The principal conclusions to be drawn 
‘oma the results of the present research may be stated briefly as 
lows: 
{1) The length of tube, between transverse joints tending 
| bold it toa circular form, has no practical influence upon the 


. Pita taken from a paper read by Professor R. T. Stewart before the American Society of 
“~t mical Engineers, at Chattanooga, May, 1906. Paper No. 091. 
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collapsing pressure of a commercial lap-welded steel tube so long 
as this length is not less than about six diameters of tube. 

(2) The formule, as based upon the present research, for 
the collapsing pressure of modern lap-welded Bessemer ste e] 
tubes are as follows: 


(a) P= 1,000 (1 - a ~ 1600—;) 


(jp = 86,670 —— ~ 1386 


inches. 
Formula (a) is for values of P less than 581 pounds, 


t a 
for values of 7 less than 0.023, while formula (b) is for values 


greater than these. 

(8) The apparent fiber stress under which the different 
tubes failed, varied from about 7000 pounds for the relativel 
thinnest to 85,000 pounds per square inch for the relatively thick 
est walls. Since the average yield point of the material w 
37,000 and the tensile strength 58,000 pounds per square inch, i 
would appear that the strength of a tube subjected to a fluid col 
lapsing pressure is not dependent alone upon either the elasti¢ 
limit or ultimate strength of the material constituting it”. 

It will, of course, be impossible to make even an abstract of 
Professor Stewart’s voluminous data, but the substantial agree 
ment of our curves of results with his will be shown i in the discus 
sion. A considerable amount of experimental work was done b 
Professor Stewart in reaching his first conclusion, viz., that h 
law of inverse lengths did not hold for long tubes. As m 
tioned above, we had reached this conclusion in experiments 
scribed and published before the present experiments were begut 


RATIONAL FORMULA 


We turn now to the theoretical discussion of tube collapses 
The problem involved is one of unstable equilibrium, and as A. EH. 
H. Love, the author of one of our best theoretical treatises on 
elasticity, says, belongs to one of the most difficult chapters im 
the theory of elasticity. Within the last eighteen years, th 
mathematicians of the University of Cambridge, England, hav 
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scussed the problem of collapse, basing the discussion on the 
neral equations of mechanics and elasticity. 

Professor G. H. Bryan' seems to have been the first to de- 
sce a formula. Mr. A. B. Basset” soon after discussed the sub- 
bt and proved the same formula in a slightly different form and 
“other methods. Mr. A. E. H. Love,? in his elaborate treatise 
. elasticity, gives Bryan’s formula with a new discussion and 
ti some additions. As stated above, these discussions are all 
ssed on the general mathematical equations of elasticity, and 
e too long and complicated to be presented here. The results, 
pwever, have been summed up in excellent form by Love. He 
ys: “Combining the results of this and the previous article, 
= conclude: 

(1) That no fiue, however long, can collapse unless the pres- 
ire exceed 


[on |W 


\ | ae 


(2) That when the pressure exceeds this limit, any flue will 

‘lapse if its length exceed a certain multiple of the mean pro- 
ortional between the diameter and the thickness”. 
In the above formula, # is the coefficient of elasticity; h is 
se-half of the thickness; a is the radius of the mean section; and 
lis Poisson’s ratio. So far as known, no use of this formula 
48 been made in experiments or in engineering practice. It has 
en developed wholly from the general theory of elasticity, and 
distinctly limited by the assumptions, to thin tubes, i. e., where 
che thickness 2 h is small compared with the mean radius a’. 

Previous to this work of the three Cambridge mathematicians, 
2 know of only two published attempts to deduce a rational for- 
ula for tube collapses, one by Professor W. C. Unwin and the 
ther by Dr. F. Grashof. Professor Unwin was an assistant of 
airbairn in the original experiments, and nearly twenty years 
iter, in 1876, gave a new discussion of these experiments. He 
.ys that the formule which have been based on Fairbairn’s ex- 


uv 


eriments have no relation to ordinary formule of applied me- 


‘G. H. Bryan, Application of the Energy Test to the Collapse of a Long Thin Pipe un- 
rc “xternal Pressure, Proceedings of the Cambridge Philosophical Society, October 29, 1888. 
oi. 3. 

ae B. Basset, On the Difficulties of Constructing a Theory of the Collapse of Boiler 
ius, Philosophical Magazine, London, 1892, Vol. 200, pp. 221-233. 

oh, E. H. Love, Mathematical Theory of Elasticity, Cambridge, 1903, Vol. II, pp. 
B26. 
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chanics, and notes the advantages if “‘the collapse of tubes could 
be expressed by the ordinary laws of the resistance of materials”, 
Unwin then discusses tube collapse on the analogy of this to the 
failure of long thin columns, and deduces from Euler’s formula - 
for columns a similar expression for the collapsing pressures Of © 
tubes. After making certain assumptions, he concludes, ‘Thea 


lowest collapsing pressure for long tubes is: 
P nin 5ae Pe 


If J is less than 28 ¢, the collapsing pressure at the limit is: _ 


TE t 
Peet A704 | od 
If t is greater than apd, the formule cease to be applica ‘ 


ble”.’ The above formule are thus proposed only for very thir 
tubes. Unwinthen modified his theory to make it agree with 
Fairbairn’s experiments, and reached as an approximation the 
formula already quoted on page 5. Like other writers, he did 
not appreciate the very limited range of Fairbairn’s experiments _ 
as regards length of tubes. Grashof’s attempt to deduce a-ra- 
tional expression for tube collapses was made much earlier, but _ 
seems generally to have been overlooked. It is added at the end 
of his paper on Fairbairn’s experiments, in which he gives the 


empirical formula already noted on page 5. Grashof deduces 


a—Ob 
a 
mum diameter of the distorted tube at the instant of failure.” 


Figo , Where a isthe maximum diameter, and b the mini- 


1 ; é F . 
Unwin, Institution of Civil Engineers, 1876, Part IV, p. 232. 


2 a c 
F. Grashof, Zeitschrift des Vereines deutscher Ingenieure, Vol. ITI, p. 241. 
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CURVES AND FoRMULZ 


An inspection of the data of our experiments shows that the 
prtion of a long tube affected by the collapse from hydraulic 
-essure is generally not longer than twelve times the diameter, 
d that for greater lengths the collapsing pressure is independent 
the length. The law according to which the collapsing pres- 
re varies inversely as the length, is true only for very short 
bes, i. e., tubes shorter than a certain “‘critical minimum length”, 
hich in most cases is from four to six times the diameter. We 
i thus omit further consideration of all formule of the Fair- 
tirn type in which the length appears in the denominator. 

All considerations show that the collapsing pressure of a tube 
a function of ¢, the thickness of the tube wall, and also of d, 
e diameter, varying directly as some function of ¢, and inverse- 
‘as some function of d. Further, all the theoretical discussions 
icate that this collapsing pressure varies as a function of the 


‘tio eo i. e., that ¢ and @d have the same exponents. The sim- 
est method of showing and studying the relation between p, the 
\lapsing pressure, and the ratio, - is the graphic one, construct- 


curves from the experimental data. In Figs. 11, 12 and 13 
ich curves are drawn. In all these curves, the ordinates repre- 
mt the values of P, and the abscissas represent the cor- 


3 

sponding values oe and ar Fig. 11 is for drawn brass 
bes, Fig. 12 for cold drawn seamless steel tubes, and Fig. 
was made by taking the numerical results from Professor 
sewart’s paper on lap-welded steel tubes and calculating the 
itios. While our tables contain results of a large number of tests 
lap-welded tubes, these tubes were all thick and also of about the 

ne thickness, so that they gave but few points of a curve. We 
ea on the cold drawn steel and the brass tubes for the form of 
’€ complete curve, as these tubes were more uniform in thick- 
‘s+, diameter, and probably in material also than the lap-welded 
»bes. The agreement in the general shape of these curves for 
bes of different materials and from independent observations 1s 
vol evidence of the general reliability of the experimental data. 
n 2xamination of these curves shows the following: 
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(1) For thin tubes, i. e., for values of = below about .025, 


th a) ee a 
he formula, P=k en , 1s very nearly true. This assumes that 


é 3 
or this portion of the curve of Pand Be , the curve is practical- 
ya straight line. So far, this is in agreement with the theoreti- 
ai conclusions of Bryan and Unwin. The limit agrees with the 


ralue of b= 36) given by Unwin. The values of & are also of the 


ame order as the coefficient of Bryan’s formula, although no 
rery close agreement need be expected, as it is difficult to get 
xtremely accurate readings of the small collapsing pressures. 
“he constants have been calculated and the formule are as fol- 
OWS : 

_ (a) For thin brass tubes: 


3 
P=25,150,000 | | 


we 
ahs 


(b) For thin cold drawn seamless steel tubes: 


ié ) 3 
P =50,200,000 ia 
dj 


All of the lap-welded tubes tested by us were thick tubes. This 
ormula with practically the same numerical coefficient applies to 
lhe thin tubes given in Stewart’s tables of results. 


(2) The curve of P and — is nearly straight for the thick 
| t 
jubes, i. e., for tubes having a value of ar greater than about .03. 


@or thinner tubes, the curve bends rapidly toward the axis. The 
‘traight part of the curve can evidently be represented by an 


d 


vaiculated these constants from our data, and find the following 


rquation, P—=k | —c, where k and c are constants. We have 


: t 
/oxmulee for tubes having a ratio i. greater than .03: 
(a) For brass: 
P=93,365 = — 2474; 
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(b) For seamless cold drawn steel: 
P = 95,520 = — 2090; 


(c) For lap-welded steel: 


P=88,270 — — 1025. 


Professor Stewart found for his lap-welded tubes the formula 


t 

P= 86,670 hs 1386. Pi 

This formula, as thus stated, is purely empirical, and its lowell 
limit is entirely arbitrary. From a suggestion of Professor A, 
N. Talbot, department of Theoretical and Applied Mechanics, 
University of Illinois, attention was called to Grashof’s rational 
formula: 


t 
2k d 


P= 
3a 
Pe orate 


as a possible solution. When plotted for Pand a2 assigning con- 


stant values to k anda, this gives a curve suggesting the ex 
perimental curves but no possible constant values of k and 
satisfy the data. It is probable that is not a constant, bein: 
approximately so for thick tubes, but having quite different val 
ues for thin tubes. The formula thus becomes too complicated fe 
use. Theabove formule and their limits are suggestive in show- 
ing where the stiffness of the material is the important factor, and 
where the effect of the strength of the material comes in as th 
controlling factor. Bryan’s formula for thin tubes involves th 
modulus of elasticity, not the strength of the material. If 
suppose that such a formula as Grashof’s rational form e: 
presses the facts for thick tubes, the yield point of the materia 
is the factor. 


(8) An approximate formula of the form P=k aa 2 is sug 
gested by the curves of P and a - particularly for the steel 


tubes. For cold drawn seamless steel tubes, this approximate 
formula is 


2 
P = 1,000,000 ea 
ae) 
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d this can be used for tubes for which = is less than .06. For 


pp-welded steel tubes, the same formula becomes 
2 
Pee 15250,000 a 


ic 
d 
reximate formula has been useful to us in getting probable col- 
psing pressures, and gives satisfactory rough values for tubes 
ff the most common commercial thickness. 

In applying any formula to calculate the collapsing pressure 
fa particular tube, a considerable factor of safety should be 


d this can also be used for values of less than .06. This ap- 


sed. ‘The constants in all these formule are large, and <= (or 
base. : F 
| power of =a) is a comparatively small quantity, so that a small 


: ‘ t 
nange in the numerical value of =p greatly affects the result. 


wack of uniformity in the material, and slight deformations are 
iso very important factors. It is to the credit of modern manu- 
icturers of tubes that their product is'as uniform as these tests 
how. With the knowledge which this discussion gives of the 
uw of tube collapse, the user of tubes is in a position to calculate 
‘ith fair approximation the collapsing pressure, particularly if 
2 ean get tests made of one or more sample tubes of the mater- 
so as to fix the constants. 

While the advance in this field of investigation is thus con- 
derable, yet much work remains to be done especially in connec- 
ng the subject more closely with the ordinary equations of elas- 
city. 
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